In this study, wear behaviour of AlB 2 /Al composite materials produced through in-situ method have been experimentally investigated. Four different composite materials that include 5wt.%, 10wt.%, 20wt.% and 30wt.% AlB 2 reinforcement phase were tested using pin-on-disk arrangement. The effects of the rate of reinforcement on wear and friction behaviours have been investigated. Wear tests are carried out at 1.83, 3.40 and 4.71 m/s sliding speeds under 10, 20 and 40 N applied loads. The test results show that wear rate increases with the increase in applied load and sliding distance. Increasing the rate of reinforcement phase in the matrix has proportionally increased the wear resistance by 3% to 30%. Hence the greatest wear resistance has been observed with the composite materials having 30wt. % AlB 2 reinforcement. Analysis of the worn surfaces of composite samples shows that abrasive and adhesive wear mechanisms are more effective.
INTRODUCTION
Metal matrix composites (MMC) have drawn considerable attention throughout the world because of their superior mechanical and tribological properties. The use of these advanced engineering materials having different reinforcement phases in the form of fibre, particle, flake or whisker has rapidly increased [1] .
Despite providing high working lifetime against wear and friction, MMCs should not lead to severe failures such as seizure, cracking and bulk deformation in order for these materials to be used in tribological applications. Wear is one of the most commonly encountered industrial problems affected primarily by working load, speed and environmental conditions. Thus, it can be said that wear or friction is not a material property, rather it is a system's response associated with the working conditions to which the material is subjected [2] .
Aluminium matrix composites (AMCs) are extensively used in many industrial applications because of their favourable properties such as high specific modulus, strength, hardness, low density, excellent wear resistance, low heat expansion coefficient and stability of properties at elevated temperatures [3] .
Full Article
The development of these materials has been driven by the aerospace and automotive industries for both non-structural and structural applications. In recent years the aerospace community has developed hightemperature aluminium alloys capable of competing with titanium alloys [4] .
In-situ reinforcement phases, such as AlB 2 , Al 2 O 3 , TiB 2 , TiC, ZrC, and ZrB 2 , have been extensively employed in aluminium based composites because of their several advantages. Some of these important advantages include clean interface, high bonding strength with the matrix, uniform distribution in the matrix, high mechanical properties and low fabrication costs [5] .
In many studies, superiority of composite materials with hard reinforcement phases has been reported. Natarajan et al. investigated the wear behaviour of Al 6063 composite material with in-situ TiB2 reinforcement under dry sliding conditions. They reported that the wear rate for the composite specimen decreased with increasing the ratio of reinforcement phase while increased with increasing applied load. They also pointed out that it was a low-cost method to obtain in-situ TiB 2 reinforcement as a result of reaction between K 2 TiF 6 and KBF 4 within the molten metal [6] .
Mandal et al. reported that Al-4Cu based composite reinforced with in-situ TiB2 were successfully fabricated which resulted in an improvement in the wear behaviour.
Having subjected to precipitation hardening, Mandal et al. achieved 27% increase in the bulk hardness of Al-4Cu based composite compared to that of Natarajan et al. despite the fact that both of the composites ¬had the same amount of identical reinforcement phase [7] .
In another study, Lim et al. investigated tribological behaviours of 13% vol. SiC p reinforced Al-4.5Cu based composite. The pre-heated SiC particles were added into the molten metal and then the composite samples were fabricated using the rheocasting process. It was stated that there was good interfacial integrity between the SiC particulates and matrix with some finite amount of non-connected porosity which they believed had no negative effect on the performance of the samples. They concluded that the composite samples produced through rheocasting method exhibited better wear resistance than those produced through powder metallurgy route which had the same composition [8] .
In their study Goubin et al. reported that they achieved to obtain MgAl 2 O 4 , MgO and Mg 2 Si reaction phases within Al-Mg-Cu based composite reinforced with 20 % SiC p which was produced through powder metallurgy route. The composite was then precipitation hardened. Compared to the base alloy, they reported that the reinforced composite exhibited higher performance under dry sliding wear test conditions up to 196 N applied load. When this load was exceeded, however, the composite exhibited higher friction factor than the base alloy. This was attributed to the severe plastic deformation in the inferior surface layer of the worn surface of composite and protruded SiO 2 particles from the matrix [9] .
The wear resistance of metal matrix composites depends largely on such microstructural characteristics as volume fraction, particle size, shape and distribution of reinforcement phase and reinforcement/ matrix interfacial bond strength [10, 11, 12] . It is imperative to study the effect of process parameters during wear test on the wear and friction behaviour of materials in order to produce more efficient components. [13] .
Based on available literature sources, the studies on the tribological aspects of composite materials having in-situ AlB 2 reinforcement phase are very limited. In addition, accessible research works include the use of AlB 2 reinforcement with low aspect ratio [14, 15, 16] .
In this study, the wear and friction behaviour of insitu AlB 2 flake reinforced aluminium matrix composite has been investigated. Contrary to the available literature, the reinforcement phase consists of in-situ AlB 2 flakes with high aspect ratio.
AlB 2 reinforcement phase are produced from exothermic reaction between aluminium and boron atoms dispersed in the melt [17] . In the experiments, four different composite samples with various fractions of reinforcement phases have been tested and compared with the base alloy.
MATERIAL AND METHOD 2.1 Production method of composite materials
As matrix material, Etial8 Al alloy was used to produce composites materials. The composite has reinforcement phase of in-situ AlB 2 flakes that is produced by adding boron oxide (B 2 O 3 ) into the molten matrix to facilitate chemical reaction at 1400 °C. At this temperature undesolved portion of boron oxide form viscous glassy liquids that are not miscible with molten aluminium. This glassy liquid is less dense than aluminium and float on top of the melt as slag material. (Aluminium =2.69 g/cm 3 , B 2 O 3 = 1.844 g/cm 3 ). A chemical reaction occurs between the aluminium melt and the boron oxide which can be represented as follows:
The fact that the pure Al 2 O 3 (s) is of 3.97 g/cm 3 density, suggests that the slag consists of various aluminium borates ( [18] . The slag has been removed from the top of the melt, prior to casting into the mould.
The chemical composition of Al alloy used in the current study is presented in Table1. The composite samples were shaped by using squeeze casting method so as to provide denser microstructure and to control the amount of reinforcement phase.
Investigation of Unlubricated Sliding Wear Behaviours of In-Situ AlB 2 /Al Metal Matrix Composite
Four different samples were fabricated with the reinforcement fractions of 5, 10, 20 and 30 % by weight.
Composite samples with related densities and ratios of reinforcement are given in Table 2 . Microstructures of composite materials are shown Fig.1 .
Density and hardness were determined according to the ASTM D 792 and ASTM D 2240 standards, respectively. Fig. 3a shows the SEM image of the composite containing 30 wt. %AlB 2 reinforcement. The specimen was deep-etched with 10% hydrochloric acid solution. The presence of the in-situ AlB 2 phase within the matrix has been detected by an XRD analysis as shown in Fig. 3b .
The specimen was analyzed by X-ray diffraction spectrometer with Cu Kα radiation of the wave length of 1.7902 Å and between 20° and 100° 2θ values. A Jeol JSM-5410 type instrument was used for obtaining the SEM image. 
Wear Tests
The wear tests were performed using a pin-ondisk tester under dry sliding condition (Fig. 4) . The height and diameter of the pin samples were 10 mm and 6 mm, respectively. After grinding the mating surface of the composite specimens with 600, 800 and 1200 grid emery papers, they were polished by using alumina suspension (3 micron) on a micro felt. A counterface disc of AISI 4140 steel was used. The disc had a diameter of 175 mm and a thickness of 20 mm. The counterface disk was heat treat to 56 HRc.
The wear tests were conducted under dry (unlubricated) sliding conditions in accordance with ASTM G99-04 standards. The schematic diagram of pinon-disk wear testing machine is shown in Fig.4 . 
RESULTS AND DISCUSSION
In order to investigate the effect of in-situ AlB 2 reinforcement on wear behaviour of composite material, pin-on disk wear tests were carried under dry sliding conditions. It has been observed that the wear rate decreases with the increase in the weight fraction of the reinforcement phase within the composite. Compared to the unreinforced alloy (matrix alloy), hard AlB 2 flakes in composite material may cause reduction in the real area of contact between wear couples [19, 20] . The asperity interactions taking places over the AlB 2 flakes of composite are expected to form weak junctions [21, 22, 23] . These two major factors may collectively decrease the wear rate of the composite material with respect to the matrix alloy. As expected, the highest wear rate was observed with the matrix alloy and then with the composite with 5% reinforcement phase.
For all the test conditions, the composite sample containing 30wt. % AlB 2 reinforcement phase has displayed the best wear resistance of all other materials ( Fig. 6 ). As shown in Fig.2 , hardness increases with the rate of reinforcement phase in the composite and the sample with 30wt. % AlB2 reinforcement is the hardest of all other materials. Fig. 5 shows that in the present study, the wear rate reduces with hardness. This is expected especially when the deformation-induced wear mechanism is operative on the samples as reported in [24, 25, 26, 27] . Subsurface plastic deformation could also stimulate the formation of adhesion or material removal in the form of small patches as shown in Fig. 10a  and d . These regions appear on the worn surface in a plucked or fractured fashion. Moreover, it is observed that the wear rate increases with the sliding distance for all specimens tested which is consistent with the similar previous studies [28, 29, 30] . The effect of sliding distance on wear rate is given in Fig. 7 .
As shown in Fig. 7 , at the highest sliding speed of 4.71 m/s, wear rate was observed to be lower than that of all the other conditions. This low wear rate at high speed could be attributed to the fact that an oxide film has developed at the sliding surfaces of the samples. An EDX analysis has been performed on three different locations of the wear track of the disk surface as shown in Fig. 8 . The detected amount of oxygen is high enough to indicate the presence of metal oxides which is most likely to be Al 2 O 3 and Fe 2 O 3 or Fe 3 O 4 [29] . Fig. 9 shows the variation of the coefficient of fric- tion with the sliding distance for the composite having 30wt. % AlB 2 reinforcement phase. Fig.9 suggests that the first 600 m of the total sliding distance can be considered as run-in period in which the coefficient of friction changes from 0.35 to approximately 0.5. It can be said that, after 600 m, steady state period is entered and coefficient of friction has stayed around 0.5 for the rest of the sliding distance and showed little variation. The friction pattern shown in Fig. 9 is similar with the results reported in some earlier works [31, 32, 33] . 
Wear Mechanisms
In order to investigate the wear mechanisms of the worn AlB 2 /Al metal matrix composite samples, microscopic images in Fig.10 are examined.
The micrographs shown in Fig. 10 clearly indicate that adhesive and abrasive wear patterns are the dominant modes over the worn surfaces of AlB 2 / Al samples. The grooves and scratches are strong indication of abrasive wear whereas the patchy, isolated areas indicate the presence of adhesive wear mechanism. Considering the tests conditions, it can be argued that two important factors play significant role to cause abrasive wear.
First, asperities of the steel disc can cause abrasive wear on the surface of the pin especially on the softer areas of matrix alloy.Secondly, due to thermal softening and wear of the Al matrix around hard AlB 2 flakes, they can be dislodged from their places and released into the interface, hence inducing abrasive effect on the wear surfaces. The removed AlB 2 flakes can be seen in Fig. 10d .
When the rate of AlB 2 reinforcement phase is increased, the AlB 2 flakes become closer and may touch to each other in the matrix. In this case, it would be easy to remove the flakes off due to the fact that the flakes may not be completely surrounded by the matrix alloy; making them more susceptible to removal from its places.
Therefore the flakes that are agglomerated or in touch may not be as strongly hold in the matrix as those that are completely surrounded by Al matrix. The dislodged AlB 2 flakes at the interface cause the formation of deep grooves on the surface of the pins, hence resulting in severe abrasive action. As seen in Fig. 10a, b and c, abrasive wear, along with adhesion, is one of the most effective modes on the worn surface of the composite containing AlB2 reinforcement under normal load of 40N. It seems that the plucking is another mechanism that operates on the contact surface of the pin as shown in Fig. 10d .
At high applied loads and sliding speeds, considerable heat is generated on the surface of the pin due to friction. As a result, high temperatures are generated that can soften the asperities of Al matrix and cause severe plastic deformation. As shown in Fig 10e, the severe burr formation at the periphery of the pin is a strong indication of plastic deformation which is one of the three dominant wear mechanisms [35] .
In addition to cutting and ploughing actions, part of the total energy applied on the specimen surface through abrasion may cause plastic deformation of the subsurface regions [27, 34] . The subsurface plastic deformation can affect the surface characteristics and wear performance of the specimens at latter stages.
The subsurface image of the composite with 10 wt. % reinforcement is shown in Fig. 11 . The image shows three distinct regions consisting of undeformed main matrix, plastically deformed region and redeposited layer. In the main matrix the AlB 2 flakes are relatively bigger and randomly oriented. Whereas in the second region, the flakes are somehow aligned and became nearly parallel to the contact surface which is a strong indication of the presence of plastic deformation of the softer component of the composite in this region. Moreover, the sizes of the flakes are reduced in this area which is likely due to fracture of the flakes as a result of plastic deformation under compressive stresses. The third region seems to be the recast Al material deposited back from the disk surface (see Fig 12) . The image indicates that, the flakes are first broken into smaller pieces within the second region and worn away and/ or form mechanically mixed layer on the surface of the steel disk. Fig.12 shows transfer of materials from composite pin to counter disk which indicates the presence of adhesion wear mechanism. The plucked materials from the surface of the pin may encourage such an adhesion on the disk surface.
CONCLUSIONS
In this study, wear behaviour of Al based composites with in-situ AlB 2 flake reinforcement has been investigated under dry sliding conditions. Following conclusions can be drawn from the experimental study.
1. Applied load and the fraction of AlB 2 reinforcement within the matrix are found to be the most effective factors on the wear rate of composite material. The wear resistance of the composite has increased by approximately 3% to 30% depending on the amount of reinforcement.
2. Within the working range, increasing the sliding speed has decreased the wear rate for all materials. The wear rate has increased with the sliding distance. However, the change in wear rate of the composites has found to be smaller than that of unreinforced matrix alloy.
3. It has been observed that the abrasive and adhesive wear mechanisms are predominant on the worn surfaces. In addition, plastic deformation is believed to play an effective role at high working loads especially on unreinforced material and those with low amount of reinforcement. At the highest sliding speed of 4.71 m/s, wear rate was the minimum for all test conditions due possible to the formation oxide layer.
